ABSTRACT: We developed 2 scaled linked mesocosms that realistically mimicked both water-column mixing and benthic boundary-layer flow, enabling more realistic benthic-pelagic coupling experiments. The first was a 'large' 1000 l system linking a mesocosm with an annular flume; the second a 'small' 100 l system linking a mesocosm with a Gust microcosm. We compared bottom shear velocity, flow speeds, and internal mixing energies between linked and isolated mesocosms that were the same in volume and shape, and compared them to nature. In addition, we performed scaled 4 wk long comparative ecosystem experiments with oysters in the large and small mesocosms to determine if a realistically mimicked benthic boundary-layer flow and system shape could significantly affect ecosystem processes. We scaled all 4 systems to have the same realistic water-column turbulence levels and increased bottom shear velocity to moderate levels in the linked mesocosms. Bottom shear remained unrealistically low compared to nature in the isolated tanks. In addition, the water column and the sediment -water interface were more realistically connected in the linked than in the isolated mesocosms. The linked mesocosms had a similar scaling relationship of turbulence intensity and bottom shear velocity of 1.6, as found in nature. System shape and bottom shear significantly affected ecosystem properties through changes in light, microphytobenthos biomass growth and erosion, sediment inorganic nutrient fluxes, oyster growth, and water column nutrient dynamics. In this study we show that a commonly used system shape in ecosystem studies and unrealistically low bottom shear in mesocosms both produce significant artifacts in benthic-pelagic coupling studies. We also demonstrate improved systems without these artifacts. System shape, bottom shear, water-column turbulence levels, and their ratios should all be considered in designing mesocosms to mimic natural processes. 
INTRODUCTION
In shallow-water environments, 2 goals are to understand the processes that govern benthic-pelagic coupling and to understand how the latter influences ecosystem dynamics. Benthic-pelagic coupling encompasses cycling of particles and solutes between the water column and the sediments through particulate water-column production, settling, sinking, deposition, resuspension, burial, mineralization, regeneration, and pore water exchange (Fig. 1) . Any factor that is involved in these processes can affect nutrient and contaminant cycling, ecosystem dynamics, community composition and faunal abundance, and overall water quality in the ecosystem (Tenore et al. 1982 , Jensen et al. 1990 , Santschi et al. 1990 , Caffrey et al. 1993 , Cerco & Seitzinger 1997 . One of these factors, often ignored in benthic-pelagic coupling studies, is the amount of light that reaches the sediment surface. Another is the hydrodynamics of the sediment -water interface and the overlying water column, which are integral to many aspects of benthic-pelagic coupling (Fig. 1) . Sanford (1997) identified flow variables that should be considered together for realistic experimental ecosystem studies that require hydrodynamic benthic-pelagic coupling. These variables include turbulence intensity (q) and energy dissipation (ε) that are important for water-column processes, and bottom shear velocity (u * ) and mean flow speed (U mean ) that are important at the sediment -water interface. Since water-flow variables in the water column and at the bottom boundary-layer are not independent of each other, the ratios of water column and boundarylayer flow must also be scaled appropriately. For example, in natural boundary-layer flows, water-column turbulence intensity and bottom shear velocity scale in a ratio of about 1.4:1. In addition, natural mean flow speed at 1 to 2 m above the bottom and the bottom shear velocity scale in a ratio of about 19:1 (Table 1) .
Causal relationships uncovered by studying processes either in the water column (e.g. Sullivan et al. 1991) or at the sediment -water interface (Boynton et al. 1981 , Maa et al. 1993 , Gust & Müller 1997 have yielded valuable insights. However, such studies may ignore possible direct and indirect linkages and feedbacks in the ecosystem as a whole. Studies have often focused on isolated processes with preferred transport directions or pathways, using either benthic flux chamber type devices or flumes for sediment -water interface process studies (e.g. Boynton et al. 1981 , Maa et al. 1993 , Thomsen & Flach 1997 . Likewise, other studies have focused exclusively on pelagic processes using mesocosms, basins, and bags, with and without considering water flow and mixing (Sanford 1997 ) and with or without benthos (Sullivan et al. 1991) . Scaling of results from studies focused on isolated processes to full natural systems has been questioned (Schindler 1998 , Haag & Matschonat 2001 ) and the flow environ-44 Table 1 . Scaling relationships for water-column and benthic flow parameters derived from previous studies reporting mean flow speed (U mean ), turbulence intensity (q), and shear velocity (u * ) in natural shallow-water environments. Water-column turbulence intensity and benthic shear velocity scale in a ratio of about 1.4:1 in natural shallow-water environments ments of the water column, the benthos, or both have often been mismatched. Results from field approaches are most realistic, however, they are often too variable and uncontrolled (de Wilde 1990) to be conclusive (e.g. Dame & Libes 1993) or may require multi-decadal or global sampling (e.g. Sebens 1994 ) to discern statistically acceptable cause-effect relationships. Because of design artifacts and inappropriate extrapolation across scales, mesocosm approaches have often been criticized (Bruckner et al. 1995 , Carpenter 1996 , Duarte et al. 1997 , Asmus et al. 1998 , Kampichler et al. 2001 . In fact, data generated in standard isolated tank mesocosms can lead to discrepancies in predictive ecosystem models (Vallino 2000 , Watts & Bigg 2001 . Realistic water flow and turbulent mixing have not been considered sufficiently in mesocosm design (Sanford 1997) , nor has the scaling between water-column turbulence and benthic boundary-layer flow (Porter 1999, and present Table 1 ). Bottom shear, a variable that controls many processes at the sediment -water interface, is unrealistically low in standard mesocosms (Crawford & Sanford 2001 ) and may cause artifacts in the results of benthic-pelagic coupling studies.
It is technically challenging to produce both realistic water-column turbulence and realistic benthic boundary-layer flow in a single system, because the benthic and pelagic flow and turbulence parameters do not scale linearly. For example, typical mesocosm mixing mechanisms often result in unrealistically low bottom shear when water-column turbulence is set to realistic levels. Any increase in water-column mixing in order to increase bottom shear stress very quickly increases water-column turbulence to unrealistic levels. In addition, the mixing schemes used in many experiments are often not fully documented. Water columns and sediment compartments have been linked in the past (e.g. Perez et al. 1977 , Prins et al. 1995 , 1997 ; however, this was done without any considerations of scale, hydrodynamics, and possible alteration of feedbacks selected in the experimental setup. Nevertheless, Threkheld (1994) urged a balanced view of pelagic and benthic processes, and Perez et al. (1977) emphasized the importance of appropriate physical and biological scaling in ecosystem experiments to correctly represent both water-column and benthic processes including any indirect links.
Our primary objectives in this study were to determine (1) if an improved experimental ecosystem could be designed that mimics shallow-water processes more closely with both realistic water-column turbulence and benthic boundary-layer flow in a single linked system, (2) how an improved representation of benthic boundary-layer flow can affect benthicpelagic coupling processes in ecosystem experiments, (3) if the unrealistically low bottom shear in standard mesocosms is an artifact of mesocosm studies that cannot be ignored, and (4) how mesocosm shape can affect ecosystem results.
In this study, we designed and built linked mesocosms that were scaled to typical isolated tank mesocosms but included improved bottom-flow characteristics. We then quantified the water-column and bottom-flow characteristics in 2 sets of systems with 2 different shapes, and assessed variables such as light, water-column nutrient levels, sediment nutrient flux rates, phytoplankton biomass, and oyster growth rate from comparative ecosystem experiments. This study was part of a more complex ecosystem study examining the interaction of bivalve suspension-feeders and water flow on benthic-pelagic coupling processes and its impact on overall water quality, with particular focus on the effect of oysters and enhanced bottom shear velocity on water quality in Chesapeake Bay, Maryland, USA (Porter et al. 2004, this issue) .
MATERIALS AND METHODS
We designed and built 2 scaled, linked mesocosm systems, and scaled water-column turbulence levels to be the same in the linked mesocosms and their respective isolated tank counterparts. In addition, we established a realistic bottom shear velocity (bottom shear stress) in the linked mesocosms to compare with the unrealistically low bottom shear velocity in the standard isolated tanks. Finally, we tested the effect of enhanced bottom shear velocity on benthic-pelagic coupling processes in comparative, scaled, replicate ecosystem experiments.
Systems design. A schematic of the linked and isolated mesocosm systems with 100 l and 1000 l water volume and a sediment surface area of 0.1 and 1 m 2 , respectively, all made of fiberglass, PVC, and acrylic, is shown in Fig. 2 . The large and small isolated tanks (Fig. 2a,c) consisted of 1 m deep cylindrical tanks with diameters of 1.13 and 0.35 m, respectively. The large and small tanks were uniformly mixed by sets of impellers on shafts that extended vertically into the center of the tanks. The impeller blades of the large tank were located 25 and 75 cm from the water surface, were 8 cm wide, and were tilted at a + 45°angle to the surface. The impeller blades of the small tank were located 18, 34, 51, 67 and 83 cm from the water surface, were 8 cm wide, and were also tilted at a + 45°a ngle to the surface. The impellers were driven by overhead direct-current motors and swept the inner half diameter of the tanks at 3.75 rpm in the large tank and 10 rpm in the small tank. To prevent plug flow, the impellers were programmed to rotate in one direction for 7 revolutions, stop for 15 s, rotate in the opposite direction for 7 revolutions, stop for 15 s, and repeat the cycle continually for 4 wk long ecosystem experiments with tidal cycling in a 4 h on and a 2 h mixing-off mode.
The linked mesocosms had the same water volume, sediment surface area, and water column height as the isolated tanks. The large and small linked mesocosms consisted of modified water-column tanks each exchanging fluid with a benthic boundary-layer device at rates of 13.6 l min -1 in the large linked mesocosm and 11.6 l min -1 in the small linked mesocosm devices (Fig.  2b,d) . The large system consisted of a tank with a funnel-shaped bottom linked to an annular flume ( Fig. 2b ) that had an outer diameter of 1.80 m, a 20 cm wide channel, and a 15 cm water-column height. Water flow in the flume was driven by a transparent, rotating, inner half ring skimming the water surface, suspended from aluminum spokes connecting to a motor similar to that of Maa et al. (1993) . For fine control of the lid speed, a gear box with a ratio of 100:1 was used, and was coupled to an electronic computer control. Several techniques are available to reduce secondary circulation in annular flumes, including the use of a lid cover reduced in size (Deardorff & Yoon 1984) , as used here. In addition, the aspect ratio (outer flume diameter divided by channel width) was kept at a value of 9 to further reduce secondary circulation (Sheng 1989) . Both design features resulted in low secondary flow, less than 7.2% of the mean velocity as determined by an Acoustic Doppler velocimeter at different ring speeds (Porter 1999) , and a relatively homogeneous bottom shear stress generated by the lid rotation. The small linked system consisted of a small tank with a funnelshaped bottom connected to a 40 cm diameter Gust microcosm (Gust & Müller 1997) as the bottom shear-generating benthic boundary-layer device (Fig. 2d) .
Water passed between the benthic and pelagic compartments of these systems through a pipe with a valve, a level sensor, and a pump. Water-column mixing in the large linked tank was induced by pulsed jet flow using a 2.5 l air-lift pump (designed after K. T. Perez & E. W. Davey pers. comm.). In the small linked tank, water-column mixing was induced by an overhead motor driving impeller blades located 18, 34, and 51 cm from the water surface. Further details of the design of the systems and the designs of the connections can be found in Porter (1999) . Mixing cycles of all systems were electronically synchronized in all our experiments.
Scaling of internal mixing and benthic boundarylayer flow. We chose water-column turbulence intensity levels (q) of 1 cm s -1 as our target in all systems, with q defined in Tennekes & Lumley (1972) as (1) Here <u 2 >, <v 2 >, and <w 2 > are the variances of their respective velocity components. This value of q is at the lower end of intensities in natural systems, and allowed energy dissipation rates in the systems to remain at reasonable levels.
The target bottom shear velocity was moderate at 0.6 cm s , a target bottom shear velocity of 0.6 cm s -1 is required to simulate the pelagic-benthic relationship of q :u * (1.4:1). This pelagic-benthic relationship of q :u * of 1.4:1 is consistently found in shallow environments in nature (see Table 1 ). A moderate shear velocity of 0.6 cm s -1 was chosen to avoid large-scale sediment erosion while We used a combination of gypsum dissolution techniques and direct flow/turbulence measurements with an acoustic Doppler velocimeter (ADV) to determine turbulence intensities at different mixing speeds at a number of representative locations in our experimental ecosystems. While they are not a universal integrator of 'water motion', under certain flow and turbulence conditions gypsum dissolution techniques can be used to obtain volume-weighted estimates of turbulence intensity or mean flow speed (Porter et al. 2000) . The isolated tanks and the small linked water column tank qualified as fluctuating-flow environments, the benthic boundary-layer devices were steady flow environments, and the large linked mesocosm was a mixedflow environment as defined in Porter et al. (2000) . We determined volume-weighted turbulence intensity as a function of mixing speed from dissolution rates of 3 cm diameter gypsum spheres for representative locations in the isolated tanks and in the benthic boundary-layer devices (Porter et al. 2000 , Crawford & Sanford 2001 Porter et al. (2000) .
In the large linked tank, in which dissolution techniques are inappropriate (Porter et al. 2000) , turbulence intensity was measured with an acoustic Doppler velocimeter at 50 regularly spaced locations at 3 mixing speeds. Using a Kriging technique in Surfer (Golden Software) we determined the volumeweighted turbulence intensity at the respective mixing speeds for all systems. From linear regression analysis of all intensities and all mixing speeds, an overall volume-weighted turbulence intensity of 1 cm s -1 was obtained for each experimental ecosystem. Local turbulence levels in the mesocosm systems are shown in Fig. 3 . Volume-weighted energy dissipation rates (ε) were calculated from velocity measurements using equations from Sanford (1997) .
Scaling of benthic flows. We used a combination of qualitative, quantitative, and semi-empirical engineering techniques (see below) to determine the benthic shear velocities in our 4 experimental ecosystems. Shear (or 'friction') velocity (u * ) expresses the boundary-layer shear stress on a velocity scale (2) where τ b is bottom shear stress and ρ is the density of water. Benthic shear velocity is generated by velocities in the water column that may include steady flows, transients, waves (Terray et al. 1996) , or stirring such as in our isolated tanks. In most natural environments the shear velocity is created by wall-bounded shear flow. The mechanism used to create benthic shear in our linked systems was that of lid-driven steady flow. Benthic shear velocity measurements. Shear velocity was quantified directly at the bottom of the isolated tanks, the Gust microcosm, and the annular flume using hot-film anemometry (Ludwieg & Tillman 1949 , Fingerson & Freymuth 1983 , Gust 1988 . Shear velocities and their homogeneity across the bottom of the Gust microcosm were calibrated over 9 settings from 0.29 ± 0.01 to 1.24 ± 0.03 cm s -1 in an automated hotfilm test facility at the Technische Universität Hamburg-Harburg, Germany (Gust & Müller 1997) . For use in other mesocosm tanks and the annular flume we constructed shear-stress sensors following Gust (1988) , using Type WT G-50A sensors from Micro Measurements and constant-temperature anemometry cards (TSI PN 2605462 Rev. B) with a selected overheat ratio of 1.05 (at 20.5 and 20.8°C). Data were recorded as voltage output on a Tattletale Model No. 2 datalogger at a sampling rate of 20 Hz. The mean voltage output of the shear stress sensors was calibrated to known shear velocities at the operational temperature settings in the Gust microcosm of 20.5°and 20.8°C, i.e. the temperatures at which measurements were taken in the systems. Shear velocities in the small and large tanks were measured at 2 mixing speeds and different radial positions at the bottom of the tanks (Crawford & Sanford 2001 ). In the flume we excluded some shear stress sensor measurements due to sensor, cabling, and anemometer card problems, however, 17 successful shear velocity measurements at different locations across the flume channel were obtained and averaged for each rpm increment. For the annular flume, not enough hot-film data were available to obtain a complete spatial distribution of bottom shear across the sediment surface. An averaged shear velocity of 0.48 ± 0.23 cm s -1 was obtained from 17 data locations, which is consistent with results from additional measurement methods which provided a u * of 0.6 cm s -1 (initiation of sand motion with known d50) and 0.7 cm s -1 (drag coefficient calculation), respectively (Porter 1999 ). Commonly applied techniques to determine shear velocity in linear flumes such as the log-layer technique , Muschenheim et al. 1986 , Mann & Lazier 1991 ) cannot be used in annular flumes since the driving mechanism leads to nonlogarithmic vertical velocity profiles with secondary circulation.
Comparative ecosystem experiments in the systems that only differed in shear velocity. To test the working hypothesis that ecosystem processes may differ in linked compared to isolated tank mesocosms, we performed 3 ca. 4 wk long ecosystem experiments using the systems in Fig. 2 with muddy sediment and oysters and an additional isolated tank in each series without oysters. The experiments were performed 3 times in sequence with Expt 1 performed in summer 1995, Expt 2 in fall 1995, and Expt 3 in spring 1996. In this series of experiments, the position of each of the 3 treatments (i.e. a, b, c in Fig. 4 ) was rotated to follow the pattern of a latin square (Steel & Torrie 1980, present Fig. 4) . Our 3 treatments consisted of an isolated tank with oysters, a linked mesocosm with oysters, and an isolated tank without oysters. This experimental design was duplicated in the large and small systems. In a pilot experiment in the large systems without oysters (Porter 1999) , phytoplankton biomass was similar between the isolated tanks and the linked mesocosm.
Sediment was collected from a local estuary into a holding tank and covered with black plastic for 4 d to render it anaerobic. It was then distributed into trays that fit the mesocosms, scraped flat, and kept in flowthrough filtered estuarine water in the dark for 14 d. In a separate study we found that this procedure produces defaunated sediments and produced realistic porewater gradients in the sediment (Porter 1999) .
At the start of each experiment, the sediment trays were placed into all 1000 and 100 l mesocosms, giving a 10 cm sediment layer. The systems were then filled with unfiltered estuarine water from the Choptank River, a tributary of the Chesapeake Bay, and appropriate scaled biomasses of oysters Crassostrea virginica, 28.8 g total live weight of juvenile (about 2.5 cm long) oysters per 100 l water volume, were added and distributed randomly across the sediment bottom. There were about 13 individual oysters in the small systems and about 130 in the large systems. The experiments were housed indoors. Illumination was provided from light banks above the tanks with broad spectrum fluorescent bulbs on a simulated day-night cycle of 12:12 h light:dark. Daylight levels at the water surface were set to about 160 µE m -2 s -1 . Water temperatures in the experiments were 22 ± 1°C. Illumination of the sediment surface of the linked systems was adjusted using shading mesh by extrapolating vertical light profiles in the water column tanks to 1 m depth. To mimic tidal exchange, we replaced 10% of the water in each system daily with 0.5 µm-filtered estuarine Choptank river water. Within the first 3 d of each experiment we added a nutrient spike of ammonium and soluble reactive phosphorus (SRP) at the Redfield ratio to all systems, which increased initial ammonium and SRP levels in the tanks by about 25 and 1.6 µM, respectively. Throughout the experiments, all system side walls were cleaned of wall periphyton biweekly (more often when needed) to prevent any bias in the results (Chen et al. 1997 (Chen et al. , 2000 .
Biological and geochemical variables were measured throughout the experiments. These were watercolumn chlorophyll a, water column nutrient concentrations of SRP; ammonium, nitrate + nitrite, dissolved inorganic nitrogen (DIN), silicate, oyster growth rate, and light levels at the sediment surfaces together with sediment chlorophyll a. Pre-and post-experiment dissolved inorganic nitrogen fluxes from the sediments were determined from sediment incubations.
We measured water-column chlorophyll a as an indicator of phytoplankton biomass every 2 to 3 d, and used fluorometric analyses following extraction with acetone (Lorenzen 1967 ) and sonication from Whatman GFF glass-fiber filters. Water-column nutrient concentrations were measured every 2 to 3 d, and the data from all experiments from 2 d after the spike until the end of the experiment were included in statistical analyses. Water-column SRP concentrations were measured every 2 to 3 d and averaged per time span from shortly after the nutrient addition until depletion occurred. To determine oyster growth rate over each experiment, individual oysters were marked and their live weight measured before and after each experiment. Light profiles were measured every 2 to 3 d at 0, 25, 50, 75 cm using a Li-Cor light meter, and light at the sediment surface was determined following Parsons et al. (1984) :
Chlorophyll a concentration in the surface sediment as an indicator of microphytobenthos biomass was measured at the end of Expts 2 and 3 but not at the end of Expt 1. After observing mass erosion events and bubble formations in previous experiments, we implemented weekly sediment chlorophyll a measurements in Expt 3. The 0 to 0.5 cm surface sediment layer was sampled using 2.5 cm diameter coring devices and kept frozen at -80°C until analysis. Extraction was done using acetone and sonification, with subsequent analysis by high-performance liquid chromatography (Van Heukelem et al. 1992 .
At the end of the mesocosm experiments, we removed sediment cores from the mesocosms using 3 replicate 13.3 cm diameter, clear, acrylic benthic chambers per system. We then added filtered water to the benthic chambers, sealed the chambers air-tight, added stirring, and incubated the cores first in the dark and then in the light to obtain sediment DIN dark and light sediment flux rates and a net dark + light flux rate for each chamber. DIN flux rates from the sediments were corrected for water-column processes using data from chambers run without sediment. We did not determine sediment DIN flux rates in the light for Expt 1 but did so for Expts 2 and 3. Sediments at the start of an experiment were taken from the flowthrough water bath and incubated in the dark only.
Latin square analyses of variance included the data of a variable from all experiments in the analysis, and were performed on these variables: water-column chlorophyll a, water-column nutrient concentrations (SRP, nitrate + nitrite, DIN, silicate). Responses for sediment flux cores with dark and light incubations added a split-plot or repeated-measures dimension to the design (sediment DIN fluxes). Responses that were quantified by rates that are described by regression lines were analyzed by multivariate analysis of variance (MANOVA) with the slope and intercept as the dependent variables (water-column nutrient concentrations). Analysis of variance was applied to individual experiments when data for 1 of the 3 experiments were lost (sediment chlorophyll data from Expt 1) or not measured (sediment DIN flux rates in the light in Expt 1), and repeated significant effects of the same direction over multiple experiments were taken as indicative of an overall effect. Statistical analyses were performed using SAS (SAS Institute). In Expt 1, the Gust microcosm decoupled from the tank on Day 12 and data from the small linked mesocosm after Day 12 were excluded.
RESULTS

Scaling of water-column mixing and benthic boundary-layer flow
Volume-weighted turbulence intensity (q) was the same in all systems at about 1 cm s -1 (Table 2) . Turbulence intensities were uniform in all systems but were slightly higher near the turbulence-generating pad-dles in the large isolated tanks, decreasing towards the walls and the bottom. They were highest near the bottom in the linked systems (Fig. 3) . Volume-weighted energy dissipation rates were realistic, with about 0.02 cm 2 s -3 in the large and 0.03 cm 2 s -3 in the small systems, respectively (Table 2) . Mean shear velocities in our linked large and small systems reached the moderate target shear velocity of about 0.6 cm s -1 (Table 2) , whereas in the isolated large and small tanks shear velocities were generated at only about 0.13 cm s -1 . Whereas the shear velocities in the benthic boundary-layer devices of the linked mesocosms were generated by sheared mean flow, the bottom stresses in the isolated tanks were generated by velocity fluctuations in the overlying water column induced by stirring. Mean flow speeds amounted to ~10 cm s -1 in the linked mesocosms (Table 2) whereas they were lower than 2 cm s -1 in the isolated tanks. The scaling relationship of water-column turbulence intensity to benthic shear velocity of about 1.4:1 found in natural shallow-water environments (Table 1) was approximated closely at about 1.6:1 (Table 2) in our large and small linked mesocosms, but was far off at 7.5:1 in the large and small isolated tanks (Table 2) . Thus, as planned, the large and small linked systems met the design requirements, and the only hydrodynamic differences between the isolated tanks and the linked systems were type and intensity of the benthic boundary-layer flow and bottom shear velocity. This experimental set-up now permitted a true comparative study of ecological responses to both different types of hydrodynamic coupling and stronger (more realistic) benthic shear velocity/stress.
Differential effects on ecosystem function
Here we present ecosystem results, with oysters present in all systems as the default unless specified otherwise.
The shape of the small systems limited penetration of light through the water column and to the sediment surface due to shading by the walls, whereas the shape of the large systems did not (Fig. 5) , and the significant effects of light availability on ecosystem processes dominated all comparisons between the large and the small systems. Light in the water column significantly increased phytoplankton abundance ( Fig. 6 ; as chlorophyll a content) and thus food availability for the oysters in the large systems. However, phytoplankton levels were also low over long periods of time in the large system. Overall, oysters grew significantly better in the large systems than in the small systems (Fig. 7) . Whereas water-column nutrients from the added nutrient spike at the start of the experiment were taken up in the large systems and nutrient levels decreased over the duration of each experiment, nutrient levels (e.g. 50 Table 2 . Volume-weighted results for measured benthic boundary-layer flow and water-column turbulence variables in our large and small linked mesocosms and in their isolated tank counterparts. Water-column and benthic flow ratios were measured in our mesocosms at the operational mixing-on settings. Ratio of turbulence intensity to shear velocity in our linked mesocosms was similar to the value of 1.4:1 in natural shallow-water environments (cf. nitrate + nitrite) remained high or increased throughout the experiments in the small systems (Fig. 8) . Overall, water-column nutrient concentrations were significantly higher in the small than in the large systems (Fig. 8) .
Whereas sediment chlorophyll a abundance (an indicator of microphytobenthos abundance) was lightlimited and low in the small systems, it was not lightlimited and significantly higher in the large systems (Fig. 9) . Increased benthic shear velocity significantly decreased sediment chlorophyll a abundance in the large systems. Although sediment chlorophyll a abundance differed between experiments, it was repeatedly significantly higher in the large isolated tank than in the large linked mesocosm at the end of each experiment (Fig. 9) . We noticed a period of gas formation in the microphytobenthos mat in the annular flume over the first few weeks of the experiments, followed by mass erosion of sediment chlorophyll a in Week 4, but we only performed weekly sediment chlorophyll a measurements in Expt 3. This phenomenon is shown in the weekly sediment chlorophyll a abundances in Expt 3 of the large system (Fig. 10) and represents a microphytobenthos mass erosion event, initiated both by sufficiently high bottom shear velocity and destabilizing gas production (i.e. a decreased critical shear stress with increasing age of the mat). Thus, system shape, benthic shear velocity, and the age of the mat all significantly affected microphytobenthos biomass.
Microphytobenthos on the surface of the 10 cm sediment layer in the large systems significantly affected the direction of sediment DIN fluxes into or out of the sediments at the end of the experiments (Fig. 11) , thus significantly affecting the nutrient feedbacks from the sediments to the water column. Because we performed all sediment flux experiments without oysters and used blank water column chambers as controls to subtract water-column activity, we were able to attribute any observed flux rates and their directions to the sediment 
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and its sediment-associated surface biofilms. Microphytobenthos also significantly affected sediment DIN flux rates between the large isolated tank and the large linked mesocosm in the light, and significantly affected the overall sediment DIN flux rates (dark rate + light rate) between the isolated tank and the linked mesocosm (Fig. 11) . Sediment DIN flux rates from sediments before the mesocosm experiments were small (Fig. 11) , and thus the sediments were not very geochemically active. Sediment DIN effluxes or small uptakes were observed in the dark in the large systems at the end of the experiments (Fig. 11) . DIN uptake in the light by the sediment and its associated micro- (6) b (6) c (3) c (3) a (9) b (9) c (3) c (3) Fig. 9 . Sediment chlorophyll a concentrations at end of Expts 2 and 3 (data lost for Expt 1). Bars represent mean ± SD sediment chlorophyll a abundance; sample size: n = 9 in large systems, 3 in small systems. Lower-case letters above bars indicate statistical results; different letters indicate significant differences. Treatments abbreviated as in Fig. 2 legend phytobenthic community was repeatedly significantly highest in the large isolated tank (Fig. 11 ), which also repeatedly had the significantly highest sediment chlorophyll a abundance (Fig. 9) , whereas DIN uptake by the sediment was repeatedly significantly lower in the large linked mesocosm in which microphytobenthos abundance (as chlorophyll concentration) was significantly decreased due to erosion by increased bottom shear (Fig. 9) . The net result for combined sediment dark + light sediment DIN fluxes was a repeatedly significantly higher uptake in the large isolated tanks than in the large linked systems.
In strong contrast to significant sediment geochemical and biological activity at the sediment -water interface in the large systems, in the small systems dissolved inorganic nitrogen sediment flux rates from the sediment to the water column were zero after Expts 2 and 3 (Fig. 11) , or only about one-half of the flux rates of the large systems after Expt 1 (Fig. 11) . Altogether, sediment biogeochemical and biological activity was low in the small systems. We found significant differences in water-column nutrient dynamics between the small isolated tank and the small linked system, in spite of the limited biological activity in both systems. For example, mean watercolumn SRP concentrations of Days 3 to 13 of Expts 1, 2 and 3 (i.e. from shortly after the nutrient spike to just before depletion: dotted symbols in Fig. 12) were, with 1.41 µmol l -1 , significantly higher in the isolated tank than in the linked mesocosm, with 0.69 µmol l -1 (p = 0.0199, Pillai's trace). Mean DIN water-column concentration averaged over Expts 1, 2 and 3 over the same time period (Fig. 12, dotted symbols) showed weak evidence of being enhanced in the isolated tank, with 47.75 µmol l -1 compared to the linked mesocosm with 36.84 µmol l -1 (p = 0.0515, Pillai's trace). Although the slopes of water-column DIN concentration over time in Expts 1, 2, and 3 were not significantly different (p = 0.1404), the slopes of water-column SRP concentrations over time were significantly more negative for the small linked mesocosm than the isolated tank (p = 0.0019). Correlations between the slopes of water-column SRP concentration over time and SRP concentration intercepts analyzed by MANOVA (Fig.  12 , left bottom panel) were significantly different between the linked and isolated systems. SRP in the small linked mesocosm had steeper, more negative slopes of concentration changes over time at any given level of intercept than the isolated tank ( Fig. 12 bottom left ; p = 0.0163, Pillai's trace). We found no significant differences in the slope and intercept correlation for the DIN dynamics (Fig. 12 , bottom right, p = 0.4075; Pillai's trace).
Variability between sequential experiments performed in different seasons (summer, fall, spring) was associated with different water-column communities and nutrient levels. For example, in Expt 3, performed in the spring, watercolumn DIN concentrations were more than twice as high as in Expts 1 and 2. Sediment chlorophyll a levels in the large systems were more than 3 times as high in Expt 3 as in Expt 2. However, despite this variability between experiments, we detected repeated significant differences over all experiments between processes in the isolated tanks and the linked mesocosms, i.e. systems that only differed in terms of benthic boundary-layer flow or were affected by system shape. The differences between the large and the small systems were dominated by light availability, to the extent that all other variability was negligible in comparison.
DISCUSSION
System shape significantly affected illumination in the water column and at the sediment interfaces, and light availability dominated the ecosystem responses in comparisons between the large and small systems. Expts 1, 2, 3 Expts Expt 3 Fig. 12 . Top 3 rows: soluble reactive phosphorus (SRP) and DIN concentrations over time in small isolated tank with oysters (s) and small linked mesocosm with oysters (h) in 3 mesocosm experiments. Data indicated by symbols containing dots were used in statistical analyses and to obtain averages, and include time period from shortly after the nutrient spike until nutrient depletion for SRP (Days 3 to 15). Vertical line: time when oysters and nutrients were added. Bottom row: Slopes. For SRP over the 3 experiments, slope was significantly more negative for S+b+f at any given level of intercept, indicating a faster disappearance of SRP from the water-column in S+b+f than in S+b. There was no significant slope-intercept correlation for water column DIN. Conservative statistical measure, Pillai's trace, was used to determine statistical significances in the MANOVA
The small systems were light-limited due to system shape, and only about 8 µE photosynthetically active radiation m -2 s -1 reached the sediment. However, the large systems, which had the same water-column height and water-surface illumination but a smaller area, were not light-limited, and about 50 µE m -2 s -1 reached the sediment. The large systems offered significantly more light to the ecosystems, resulting in higher phytoplankton biomass (25 vs 7, 100 vs 10, and 200 vs 5 µg l -1 chlorophyll a in the large vs small systems, respectively, in Expts 1, 2 and 3), and this subsequently significantly increased oyster biomass. Oysters did not grow in the small systems, but gained about 0.5 g live weight over each experiment in the large systems. Oysters were probably severely food-limited in the small systems; however, they were also likely to have been periodically food-limited in the large systems since phytoplankton concentrations were low, with about 10 mg l -1 chlorophyll a over long periods in the experiments. Oyster feeding also transported particulate organic matter to the bottom, fueling biogeochemical processes at the sediments in the large systems. In contrast, low light levels due to system shape resulted in very low overall water column activity in the small systems, less removal of phytoplankton from the water column by oysters, and less subsequent particulate organic matter deposition to the bottom, with mostly undetectable sediment nutrient fluxes. Thus, mesocosm shape is an important consideration for experimental ecosystem design. Differences in system shape can mask the results of the treatments of interest, especially if light availability is a controlling factor in those treatments. These effects can even translate to organisms, as reflected by differential oyster growth indirectly mediated by light availability. Previous studies with bivalves in mesocosms have not considered the cascading effects that lead to this food limitation or a possible effect of food limitation on the bivalves or subsequent processes (Doering et al. 1986 (Doering et al. , 1987 , but some have reported food competition with dense populations (Prins et al. 1995) . It should be noted that the shape of our small systems (small diameter-to-height ratio) was similar to the shape of the Marine Ecosystems Research Laboratory (MERL) mesocosms at the University of Rhode Island, and in fact similar to the most common shape used in many previous experimental ecosystem studies (review by Petersen et al. 1999) . In future studies, tank designs with a small diameter-to-wall-height ratio such as the small tank design should not be used for studies that critically depend on light. The large tank design, however, did not limit light, and is a good 'practical working size', with potential for large-scale replication. Larger tank sizes than this are more difficult to work with, produce more patchiness, and cannot be replicated as often. In addition, for higher trophic levels such as fishes, Heath & Houde (2001) have shown that a diameter of no less than 1 m is the minimum size for including small fishes, though for long-term experiments with fishes 2 to 4 m diameter systems should be used.
Significant hydrodynamic effects on an indirect, biologically mediated, nutrient transport mechanism were the most dramatic result of our study. Microphytobenthos biomass significantly increased in the large systems that were not light-limited, yet even only moderately enhanced bottom shear (below sediment resuspension levels) repeatedly eroded microphytobenthos as the mat aged. In Expt 2, sediment chlorophyll a was, for example, reduced from 125 to about 80 mg chlorophyll a m -2 , and in Expt 3 from about 450 to 250 mg. The mass erosion events were preceded by an observed oxygen bubble formation period within the mat, also observed by Miller et al. (1996) . The bubble formation may have lifted part of the microphytobenthos mat and affected mat strength and/or surface roughness, thereby effectively reducing the critical shear stress required to erode the mat. Microphytobenthos can take up nutrients or produce oxygen at the sediment -water interface and thus alter the amount of nutrients regenerated from the sediment to the water column (Sundbäck & Graneli 1988 , Sundbäck et al. 1991 . The presence and amount of microphytobenthos in the large systems subsequently significantly affected the direction and magnitude of biogeochemical dissolved inorganic nutrient flux exchanges between the sediments and the water column and, with this, the effective net nitrogen removal from the ecosystem. During the light phases, microphytobenthos photosynthesis induced nitrogen uptake from the water column, and during dark phases significantly less was taken up by the sediments or nitrogen was regenerated from the sediments back into the water column with potential implications for water quality. For example, dark-light DIN flux differences reached up to 320 µmol DIN m -2 h -1
. Integrated dark and light sediment fluxes showed significantly more nitrogen regeneration from the sediments to the water column in the linked mesocosm with less sediment chlorophyll a, i.e. 240 and 160 µmol DIN m -2 h -1 in Expts 2 and 3, respectively. Significantly less net nitrogen was removed from the ecosystem from which microphytobenthos had been eroded. Mesocosms that do not mimic benthic boundary-layer flow and bottom shear sufficient to erode microphytobenthos, as occurs typically in natural shallow environments, may overestimate microphytobenthos abundance and nitrogen removal. Moreover, microphytobenthos abundance cannot be estimated from available light alone; the physics at the sediment -water interface must be considered as well.
In typical isolated tank systems, benthic mean flow speeds are very low, and benthic shear velocity, created by the overlying water-column turbulence intensity and secondary flow (if any), is also disproportionately low; this affects diffusional mass transfers, eliminates erosion, and leads to a depositional bottom environment. In shallow coastal and estuarine environments, bottom shear is generated by currents and waves. The mass transfer velocity β of solutes or gases across the diffusive sublayer is directly proportional to shear velocity (u * ) (Opdyke et al. 1987 , Dade 1993 as (4) where Sc is the Schmidt number, ν the kinematic viscosity, and D the molecular diffusion coefficient of the solute or gas. The mass transfer velocity for ammonium and soluble reactive phosphorus, for example, was about 6 times faster in the linked mesocosms than in the isolated tanks. In addition, bottom shear can affect sediment oxygenation (Booij et al. 1994 ) with consequences for nitrogen transformations and regeneration, and for contaminant dynamics. The isolated tanks were diffusion-limited at low water-column nutrient levels (Sanford & Crawford 2000) . Enhanced diffusion may have contributed to the reduced water column SRP concentrations in the small linked system compared to the small isolated tank. It is also possible that very small particles (below our filter size of 0.8 µm) were resuspended in the linked mesocosms, adsorbing SRP onto them and leading to the observed significantly faster decrease and overall lower SRP levels in the small linked mesocosm compared to the small isolated tank.
Hydrodynamically, flows in the water column and at the sediment -water interface of shallow coastal and estuarine environments are not independent and need to be scaled correctly in experimental ecosystems. Turbulence intensity and shear velocity occur in a ratio of about 1.4:1 in nature. The design of our 2 types of linked mesocosms mimicked this ratio well with a value of 1.6:1, whereas in the isolated tanks the ratio was much too high at about 7.5:1 due to unrealistically low bottom shear velocities. Increased stirring of isolated tanks leads to higher bottom shear stress, but at the cost of unrealistically high mixing rates in the water column (Crawford & Sanford 2001 ). In such cases, coupling between the benthos and the water column is likely to be distorted in standard isolated tank mesocosms. The natural ratio of mean flow speed to shear velocity of about 19:1 (Table 1) is also a consideration in experimental ecosystem design. In our linked mesocosms, shear velocity was created more realistically by a mean flow across the bottom, whereas in the standard isolated tanks bottom shear was created by the overlying water-column turbulence. Mean flow speeds in the linked experimental ecosystems at about 10 cm s -1 greatly exceeded mean flow speeds (< 2 cm s -1 ) at the bottom of the standard isolated tank systems (Table 2) . For a balanced benthic and pelagic view, as advocated by Threlkeld (1994) , flow at the sediment -water interface, flow in the water column, and the relationships between them should all be considered in experimental ecosystem design.
Our results show that these hydrodynamic distortions have ecological consequences and affect the nutrient dynamics. We found that inclusion of the benthic interface with realistic bottom shear significantly affected ecosystem processes such as microphytobenthos resuspension, sediment -water nutrient exchange, and water-column nutrient dynamics. The effects were, more often than not, unanticipated, indirect, and nonlinear. Data generated from mesocosms with unrealistic flow may miss or distort such important ecosystem links. They may provide misleading results if they are scaled up to nature or are used in ecosystem models that require benthic-pelagic coupling.
Due to sequential replication, our experiments were performed at 3 different seasons with widely varying initial and exchange nutrient levels in the water column and with different initial populations. A number of variables such as water-column nutrient concentrations in the water column of the large systems were not significantly different but could have in fact been statistically significant if simultaneous replication had been used or a higher level of bottom shear. Thus, with a high experimental uncertainty level based on the variability of the biological variables, the significant results of light, oyster growth, phytoplankton abundance, sediment chlorophyll a, sediment DIN flux rates, and water-column SRP dynamics obtained in this study are very strong.
Our linked mesocosms had a few limitations that pertain to the way the water column and the benthic boundary-layer devices were physically connected. In these systems, we linked water columns and benthic boundary-layer devices using umbilicals equipped with automated valve systems and pumps. We chose a gentle air-lift pump design and large umbilicals in the large linked mesocosm and observed no apparent damage to copepods; however, pumping of any sort should be avoided in living ecosystems (Adey & Loveland 1998) . Our current work has addressed these problems, and we have developed a mesocosm stirring design that can produce high uniform bottom shear and realistic watercolumn turbulence levels in a single tank. This design will be reported in a subsequent paper.
The linked experimental ecosystems developed here allow the study of benthic-pelagic coupling processes in controllable laboratory ecosystems. A wide range
u Sc u D of benthos and muddy sediment can be used in our linked mesocosms, and experiments with scaled levels of benthic boundary-layer flow and water-column turbulence can be performed. Sediment depth can be adjusted to accommodate deep-burrowing organisms while keeping the bottom shear at the desired levels. Plankton, contaminants, or nutrients of choice can be added for specific, scaled, and controlled experiments under natural flow and turbulence conditions. From such an approach, insights can be gained on nutrient, contaminant, and ecosystem dynamics in coastal ecosystems as mediated by biology and water flow. Scaled benthic-pelagic coupling ecosystem experiments can be designed by varying bottom shear (include sediment resuspension) and water-column turbulence levels and, for example, by varying the abundance and functional groups of the benthos to investigate a range of questions previously not possible and that include many direct and indirect linkages. Microphytobenthos abundance has previously been found to be linearly related to light in the field and in mesocosms (e.g. MacIntyre et al. 1996 , Chen et al. 1997 ; however, microphytobenthos abundance has also been found to correlate with shear strength and critical shear stress (Underwood & Paterson 1993) . Moderate increase in shear velocity from 0.1 to 0.6 cm s -1 in the large linked mesocosm significantly increased microphytobenthos erosion compared to the isolated tanks, and reduced microphytobenthos biomass from about 125 to 80 mg m -2 and 450 to 250 mg m -2 in Expts 2 and 3, respectively. We observed, and in Expt 3 measured, mass erosion of microphytobenthos around Week 4 in the annular flume, a phenomenon observed previously , and the erosion appeared to depend on shear velocity and the age of the mat. Oxygen bubbles observed in the mat in our experiments may have lifted the carpet, increasing the roughness and leading to erosion at only moderate shear. In contrast, it has been shown that the age of the microphytobenthos mat can also reduce sediment erodability through the alteration of adhesive-cohesive bonding among particles (Madsen et al. 1993 , Sutherland et al. 1998 ). This was not observed in our experiments. Interestingly, Blanchard et al. (2001) noted from their 11 d comparison of microphytobenthos biomass in a mesocosm setting and measurements in the intertidal zone (using relative units of microphytobenthos biomass) that microphytobenthos biomass increased in the 'physically stable' mesocosm until a biotic capacity of the environment was reached, after which biomass stayed stable, i.e. similar to our experiments in the large isolated tanks. However, they further suggested that microphytobenthos biomass in the field declined due to resuspension and grazing; yet, the variability in their field measurements was high, with chlorophyll a biomasses ranging from 80 to 225 mg m -2
. Kendrick et al. (1996) observed very different sediment chlorophyll a and pheopigment levels between their mesocosms and the field (Day 12: sediment chlorophyll a in mesocosms versus the field: 1.5 vs 0.5; pheopigments: 8 vs 2 µg mg -1 dry weight) and attributed the higher levels in the mesocosms to decreased water movement. Our appropriately scaled direct comparison of a standard isolated mesocosm at low bottom shear (0.1 cm s -1 ) to a linked mesocosm at moderate bottom shear (0.6 cm s -1 ) specifically let us address the question of an interaction of bottom shear and biology in a much more controlled manner than the approach by Kendrick et al. (1996) or Blanchard et al. (2001) . The experiments in the isolated tanks with low shear velocity, an artifact of standard isolated tank mesocosms, indicated that abundant biomass can be generated when the hydrodynamics is such that the population is not eroded and entrained.
We also observed that the significant reduction in microphytobenthos biomass due to enhanced shear velocity can indirectly affect feedbacks such as nutrient regeneration from the sediments into the water column. Nutrient regeneration from the sediments may stimulate phytoplankton production (Cerco & Seitzinger 1997) and affect water quality. It has been shown that photosynthesis by microphytobenthos can reduce the rates of DIN regenerated from the sediments to the water column (Sundbäck & Graneli 1988 , Sundbäck et al. 1991 or alter nutrient transformations (Sundbäck et al. 2000) , and a higher-sediment DIN uptake in shallow systems may ultimately affect watercolumn DIN concentrations and water quality. However, the explanation through direct, indirect, and non-linear effects of bottom shear on these interactions has not previously been put forth.
Mean flow speed may affect ecosystem dynamics by altering the cycling of organic matter as mediated by the food supply to suspension feeders. Such flow may have resulted in a higher food supply to the oysters from resuspended microphytobenthos in our large linked system. Benthic suspension feeders such as bivalves, in interaction with water flow, can efficiently remove phytoplankton from the water column (Fréchette et al. 1989 , Butman et al. 1994 ) and can deposit large amounts of organic matter to the sediment -water interface in their feces and pseudofeces. Above a critical shear velocity, biodeposits can be eroded and carried away from the source and thus affect the distribution of organic matter across an area (Lund 1957 , Taghon et al. 1984 . We observed the transport of biodeposits from oysters in the large linked mesocosm at a shear velocity of 0.6 cm s -1 . The mesocosm systems developed here also permit the simulation of a variety of natural flow speeds. Such variable mean flow speed has been found to result in some organisms such as the polychaetes Boccardia pugettensis and Pseudopolydora kempi japonica (Taghon & Greene 1992) or Macoma balthica (Diaz & Schaffner 1990 ) switching between suspension and deposit feeding. The feeding mode as affected by benthic boundary-layer flow in the mesocosms may further alter organic matter or toxic material cycling pathways and bioaccumulation and thus benthicpelagic coupling.
Although mesocosms have been strongly criticized, the implementation of more realistic water-column turbulence and benthic boundary-layer flow in the same system resolves many of the concerns about the validity of mesocosm studies and designs voiced by Carpenter (1996 Carpenter ( , 1999 and Sanford (1997) . This makes this new generation of mesocosms a promising tool for studying benthic-pelagic coupling processes in an ecosystem context that includes all the direct and indirect links so sorely missed by Threkheld (1994) .
Proper mesocosm development takes time and effort. Careful attention must be given to design, construction, and physical characterization before performing ecosystem experiments. The linked experimental ecosystems developed here are a first approach towards mesocosm designs that allow realistic whole-ecosystem studies and accurately mimic benthic-pelagic coupling processes, including direct and indirect ecosystem links, processes that typical isolated tank systems fail to mimic adequately.
